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Introduction {#sec001}
============

The growing prevalence of infection-associated and other inflammatory conditions and diseases in modern healthcare necessitates novel therapeutic interventions. Synthetic steroidal and non-steroidal anti-inflammatories and antibiotics commonly used for treating inflammation and infection conditions often result in undesirable side effects and health consequences \[[@pone.0188232.ref001]\]. This has evoked renewed global interest for alternative safe therapeutics from natural sources. Natural products continue to inspire the design of novel therapeutics for various disease conditions; however, little is known regarding their mode of action and active components.

Different traditional medicinal systems such as Indian Ayurveda and Yunani medicines have been using natural oils and extracts from plants to heal infections and other ailments \[[@pone.0188232.ref002]--[@pone.0188232.ref004]\]. One of the important medicinal plant products is eucalyptus oil (EO) derived from *Eucalyptus globulus* belonging to the family Myrtaceae, of which several species are now found throughout the world \[[@pone.0188232.ref005]\]. EO has been widely used in treatment of upper respiratory conditions \[[@pone.0188232.ref005]\], and other ailments such as gastritis, diabetes and pain associated with total knee replacement \[[@pone.0188232.ref006]--[@pone.0188232.ref007]\]. Independent studies have reported analgesic and anti-inflammatory properties of EO and its major component 1, 8- cineole, which accounts for up to more than 70% of eucalyptus oil's content depending on the source species of Eucalyptus \[[@pone.0188232.ref008]--[@pone.0188232.ref011]\].

In vitro studies by us \[[@pone.0188232.ref012]\] and others have shown EO to be antimicrobial, including effective against respiratory pathogens \[[@pone.0188232.ref013]\]. One of the striking examples is the use of EO in aroma therapy to heal lung infections such as tuberculosis in traditional medicine in Africa and other continents \[[@pone.0188232.ref002], [@pone.0188232.ref014]\]. Additionally, EO has been reported to be effective against multidrug resistant strains such as methicillin-resistant *Staphylococcus aureus* \[[@pone.0188232.ref015]\] and biofilm-forming *Staphylococcus aureus* and *pseudomonas aeruginosa* strains \[[@pone.0188232.ref016]\].

In light of the above extraordinarily broad in vitro anti-inflammatory and antimicrobial activities of EO and its traditional use in aroma therapy, we wanted to investigate the mechanistic basis of these therapeutic effects using a lung immune cell model. Alveolar macrophages (AMs) are one of the first line of innate defenses in the lungs and are known to play a significant role in inflammation and respiratory infections, including mycobacterial infections such as tuberculosis \[[@pone.0188232.ref017]--[@pone.0188232.ref018]\]. Hence AMs are appropriate target cells to study the effect of eucalyptus oil on the lungs. The current study employed the mouse alveolar macrophage cell line MH-S as the lung macrophage model, LPS as the inducer of the inflammatory response (a bacterial virulence factor in Gram-negative infection conditions such as sepsis), and *M*. *smegmatis* as the model Mycobacterium *species* capable of infecting alveolar macrophages, to investigate the immunomodulatory effects and mode of action of EO and its constituent 1,8-cineole. Mechanistic aspects of the study focused on investigating modulation of LPS-induced inflammation signaling pathways by measuring transcriptional or post-translational modification of multiple key upstream and downstream signaling receptors and cascades, yielding novel insights on modes of action of EO and its constituent 1,8-cineole.

Materials and methods {#sec002}
=====================

Natural products, chemicals, reagents, and kits {#sec003}
-----------------------------------------------

Eucalyptus oil (EO) originally derived from *Eucalyptus globulus* and was supplied by Ashwin Pharma, MH, India, purchased via the local vendor Bombay Grocers, Cincinnati, OH, USA; the working stock (2% vol/vol) was prepared in 10% methanol (vehicle). Purified EO constituent 1,8-cineole (eucalyptol) was obtained commercially (Alfa Aesar, Reston, VA, USA); the working stock (2% vol/vol or 0.119 M) was prepared in 10% methanol (MeOH). The bacterial lipopolysaccharide (LPS) was obtained commercially (Sigma, St. Louis, MO, USA) and the working stocks (1 mg/ml and 0.2 mg/ml) were made by dissolving in endotoxin-free water. Anti-MAPK antibodies, both total and phospho antibodies raised in rabbit (Cell Signaling Technology, Danvers, MA, USA), secondary horseradish peroxidase (HRP)-conjugated goat antibodies (Sigma, USA), and anti β-Actin mouse monoclonal antibodies (Sigma, USA) were obtained commercially. Cytokine ELISA kits were obtained from Affymetrix Inc. eBioscience San Diego, CA, USA. All primers were ordered from Integrated DNA technologies (Coralville, IA, USA) and are listed in [Table 1](#pone.0188232.t001){ref-type="table"}. Quantitative RT-PCR kit QRT-PCR Brilliant III Ultra-fast SYBR^®^ green master mix kit was obtained from Agilent Technologies, USA.
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###### Gene-specific primers for qRT-PCR analysis in this study.

![](pone.0188232.t001){#pone.0188232.t001g}

  Target gene   Primer Names                      Primer Sequences                  References
  ------------- --------------------------------- --------------------------------- ----------------------------
  MKP-1         Forward                           `5’TAACCACTTTGAGGGTCACTACC- 3’`   \[[@pone.0188232.ref034]\]
  Reverse       `5’- TTCACAAACTCAAAGGCCTCG- 3’`   \[[@pone.0188232.ref034]\]        
  mTREM-1       Forward                           `5’- CCAGAAGGCTTGGCAGAGACT- 3’`   \[[@pone.0188232.ref035]\]
  Reverse:      `5’-ACTTCCCCATGTGGACTTCACT-3’`    \[[@pone.0188232.ref035]\]        
  GAPDH         Forward                           `5’- ATTGTGGAAGGGCTCATGACC-3’`    \[[@pone.0188232.ref034]\]
  Reverse       `5’-ATACTTGGCAGGTTTCTCCAGG-3’`    \[[@pone.0188232.ref034]\]        
  CD-14         Forward                           `5’-AGAATCTACCGACCATGGAGC-3’`     This study
  Reverse       `5’-TGAAAGCGCTGGACCAATCT-3’`      This study                        
  TLR4          Forward                           `5’-TCCCTGCATAGAGGTAGTTCC-3’`     This study
  Reverse       `5’-TCCAGCCACTGAAGTTCTGA-3’`      This study                        
  LBP           Forward                           `5’-TCCAGACTCTGCCAGTCACA-3’`      This study
  Reverse       `5’-CTCAGGTAGGCTCATGGTCG-3’`      This study                        

Strains, cell lines, and culture conditions {#sec004}
-------------------------------------------

For infection studies, the fast-growing model non-tuberculous mycobacterial strain *Mycobacterium smegmatis mc*^*2*^ *155* obtained from American Type Culture Collection (ATCC), Manassas, VA, USA was used. It was grown in Sauton's medium, containing L-asparagine (26mM), citric acid (10mM), K~2~HPO~4~ (2mM), MgSO~4~.7H~2~O (2mM), ferric ammonium citrate (0.18 mM), tween 80 (0.05%) and glycerol (0.2%), at 37°C in a shaker incubator (200 rpm). Actively growing mycobacterial cells were harvested by centrifugation, washed, and resuspended in RPMI medium (1x 10^7^ CFU/ml) for use as inoculum for all infection experiments. A murine alveolar macrophage cell line MH-S (CRL-2019) from ATCC (Manassas, VA) was used. MH-S cells were grown at 37°C in a humidified 5% CO~2~ incubator in either complete RPMI 1640 medium supplemented with 10% Hyclone fetal bovine serum (Logan, UT, USA) and 1x streptomycin-penicillin-glutamate antibiotic solution (Gibco, NY, USA) or incomplete RPMI medium without antibiotic for the purpose of phagocytosis experiments. MH-S cells were harvested using a sterile cell scraper in fresh RPMI medium and were counted using a hemocytometer and cell concentration was adjusted (1 x 10^6^ cells/ml) in the RPMI medium.

Selection of optimal concentration of eucalyptus oil (EO) and its constituent 1,8-cineole {#sec005}
-----------------------------------------------------------------------------------------

MH-S cells seeded at a density of 1×10^6^ cells/ml culture medium were dispensed in 5-ml volumes in multiple T25 flasks (Corning, NY, USA). Varying concentrations of EO or 1,8- cineole (0.0, 0.015, 0.020. 0.050, and 0.100% vol/vol) were added to the flasks to investigate dose-response in terms of macrophage viability. The vehicle (10% methanol) amount did not exceed the non-inhibitory levels (10μl/ml culture i.e. 0.1% vol/vol). Three independent treatments were performed and analyzed.

LPS challenge {#sec006}
-------------

MH-S cells were seeded at a density of 1×10^6^ cells/ml/well and treated at 37°C for different time points (6, 12, and 24 hours) in triplicate wells in 24-well culture cluster plates. Control wells received only vehicle (0.1% MeOH). In the treatment wells, the cells were treated with EO alone (0.02% vol/vol) or LPS alone (2μg/ml) or a combination of EO (0.02%) and LPS (2μg/ml). The combined treatment (EO + LPS) involved a pre-treatment with EO for the first 3 hours followed by addition of LPS at 2μg/ml and further incubation for a time course (total 6, 12, and 24 hours). In the LPS alone set, the LPS treatment of the cells was started at a 3 hour time-point to match it with the combination treatment. For 1,8-cineole experiments, the same treatment design as described above for EO was repeated. The cell-free supernatants from all experiments were collected and analyzed for inflammatory soluble mediators (cytokines and nitric oxide). For understanding early regulation of LPS-induced inflammatory pathways, the LPS treatment lasted for 30 minutes for all signaling targets except NLRP3 (4 hours) following the initial 3 hour pre-treatment with either EO or 1, 8-cineole.

Phagocytosis activity and intracellular pathogen load analysis {#sec007}
--------------------------------------------------------------

MH-S cells adhered for 4 hours in T-25 flasks were infected with *M*. *smegmatis* at 10 multiplicity of infection (MOI) using 1x10^7^ bacteria to infect 1x10^6^ macrophages per ml culture. Three treatment sets (2 subsets each) were prepared: vehicle treatment before infection ("vehicle set"), 0.02% EO treatment before infection ("pre-treatment" set), 0.02% EO treatment after phagocytosis ("post-treatment" set). The macrophage-bacteria mixtures were incubated for 1 hour to allow phagocytosis to occur. The first subset of flasks from the 'vehicle-treated set' (control) and 'pre-treatment set' was analyzed for phagocytosis activity as follows. The cells were collected by centrifugation, made free of external bacteria using gentamycin (10 μg/ml), and subjected to cell lysis (using distilled water followed by SDS addition @ 0.25% and neutralization with albumin @ 0.1%). The lysate was agar plated to estimate the internalized bacterial number by colony forming units (CFU) analysis using the agar plating method. The second subset of flasks from the 'vehicle-treated set' (control), EO 'pre-treatment set', and EO 'post-treatment set' was allowed to further incubate for 24 hours and was subjected to internal CFU analysis (using the same assay as for phagocytosis) to assess the bacterial build up within macrophages in the presence and absence of EO. For 1,8-cineole experiments, the same treatment design as described above for EO was used. The lysate was serially diluted and plated on tryptic soy agar (TSA) for determination of the colony forming units (CFU).

Analyses {#sec008}
--------

### Cell viability {#sec009}

Vehicle-treated and EO- or 1,8-cineole- treated cells were stained with 0.4% Trypan blue (Invitrogen, Carlsbad, CA, USA). The live cells (unstained) versus dead cells (blue-stained) were counted by hemocytometer using an inverted microscope. The average number of cells counted in the 4 gridded areas (16 large squares) of the hemocytometer were multiplied by 10^4^ and the dilution factor to obtain the cell count per ml.

### Nitric oxide (NO) {#sec010}

NO in terms of nitrite was estimated from the culture supernatants using the commercial Griess reagent system as per manufacturer's instructions (Promega, Madison, WI, USA).

### Cytokines (ELISA) {#sec011}

Various cytokines were analyzed in supernatants from treated and untreated macrophage cultures from different treatment groups as described above using the cytokine-specific commercial ELISA kits as per the manufacturer's protocol (Affymetrix Inc. eBioscience San Diego, CA, USA); intracellular levels of IL-α and IL-β were also analyzed using cell lysates. Concentrations of the cytokines were estimated from the standard curves that were generated using known concentrations of the corresponding purified recombinant cytokines provided in the respective ELISA kits.

### Western blot analysis {#sec012}

Various signaling targets (MAPKs, NFκB, NLRP3) were analyzed using total protein extracts prepared from control (vehicle only) and treated \[(EO alone or LPS alone or EO+LPS) or (cineole alone or cineole +LPS)\] cells. The cells were lysed (coinciding with 30 minutes or 4 hours post-LPS addition as described above) using radio immunoprecipitation assay (RIPA) buffer (20 mM tris.HCl pH 7.5, 1 mM EDTA, 1% nonidet P-40, 0.1% sodium deoxycholate, 2.5mM sodium pyrophosphate, 150 mM NaCl) supplemented with protease and phosphatase inhibitors. Protein extracts from different treatments were resolved on a 12% SDS-PAGE gel and analyzed by Western blot analysis using total- and phospho- antibodies for MAPKs (p38, JNK, ERK) and NFκB and antibodies for NLRP3 using ECL kit (Pierce Chemical, Rockford, IL, USA). Primary rabbit antibodies (Cell Signaling Technology, Danvers, MA, USA) were used at a dilution of 1:1000 for all test targets, including MAPKs (p38 or p-p38, SAPK/JNK or p-SAPK/JNK, p44/42/ERK/1/2), NFκB, and NLRP3, whereas the β- Actin antibody (Sigma, USA) was used at a 1:4000 dilution. HRP-conjugated anti-rabbit IgG secondary antibody (Sigma, USA) was used at a 1:4000 dilution. Bands were visualized using ECL kit (Pierce Chemical, Rockford, IL, USA) and quantified using NIH Image J software.

### Quantitative RT-PCR analysis {#sec013}

Total RNA from cells, pre-treated with either EO or 1,8-cineole for 3 hours followed by a 30 minute LPS challenge, was isolated using Tri-reagent according to the manufacturer's protocol (MRC Inc., Cincinnati, OH, USA). Quantitative RT-PCR was done using Brilliant III Ultra-Fast SYBR^®^ Green QRT-PCR master mix per the manufacturer's protocol (Agilent Technologies, USA) using gene-specific primers listed in [Table 1](#pone.0188232.t001){ref-type="table"}. The housekeeping gene *GAPDH* was used as internal control for normalizations. Impact of EO or cineole pre-treatment on expression of target gene transcript was presented in terms of fold-change in mRNA levels, calculated by comparing with the untreated and internal controls, per the following formula: (2^-ΔΔCT^), where ΔΔCT is the difference between ΔCT value of experimental and ΔCT value of controls for fold change as described in our previous report \[[@pone.0188232.ref019]\].

### Statistical analysis {#sec014}

The data represent means ± standard error of the means (SEM) obtained from three independent treatments. Statistical analysis was performed using one-way ANOVA and differences between multiple groups were determined by the Bonferroni- Holm post hoc test. P-value ≤ 0.05 was accepted as statistically significant.

Results {#sec015}
=======

Dose optimization for eucalyptus oil (EO) and 1,8-cineole {#sec016}
---------------------------------------------------------

To determine a noncytotoxic concentration of eucalyptus oil (EO) and its constituent 1,8-cineole, the MH-S cells were treated with increasing amounts of EO or 1,8-cineole and were compared for cell viability with the vehicle-treated group. The results showed that EO and 1,8 cineole do not adversely affect the viability of lung macrophages ([Fig 1](#pone.0188232.g001){ref-type="fig"}) up to a reasonably high concentration (0.05%); the 0.02% concentration appeared to be the safe level to use and was therefore employed in all subsequent experiments.

![Selection of non-cytotoxic concentration of eucalyptus oil (EO) for treatment of alveolar macrophages.\
Murine alveolar macrophage cell line MH-S (1×10^6^ cells/well) was cultured in presence of varying concentrations of EO (0.01--0.10%) for 24 hours and cell viability (%) was assessed using Trypan blue staining. Values represent mean ± SEM based on three independent experiments. Asterisks (\*\*) indicate statistically significant (*P* ≤ 0.01, respectively) difference when compared to the vehicle control.](pone.0188232.g001){#pone.0188232.g001}

Inhibition of pro-inflammatory response by EO and its constituent {#sec017}
-----------------------------------------------------------------

The selected test concentration (0.02%) of EO (or its constituent 1,8-cineole) by itself caused no induction of inflammatory response when compared to the vehicle-only control (Figs [2](#pone.0188232.g002){ref-type="fig"} and [3](#pone.0188232.g003){ref-type="fig"}). LPS-treatment alone induced a significant pro-inflammatory response in cultured AMs in terms of pro-inflammatory cytokines (TNF-α, IL-1α, IL-1β and IL-6) and NO, unlike the vehicle-only and EO-only treated groups. The individual inflammatory mediators increased with time of incubation in the 24 hour treatment regimen. This pro-inflammatory response was significantly (P ≤ 0.01 or P ≤ 0.05) reduced when the cells were pre-treated with EO (0.02%) for 3 hours before the LPS challenge, although the effect varied with the inflammatory mediator and the time-point of incubation ([Fig 2](#pone.0188232.g002){ref-type="fig"}). IL-6 was an exception which showed no modulation by EO pre-treatment. TNF-α levels were impacted at 12 and 24 hours (P ≤ 0.05) in case of pre-treatment with EO ([Fig 2](#pone.0188232.g002){ref-type="fig"}). Intracellular and extracellular levels of IL-1α were significantly impacted at 6 and 12 hour time-points (P ≤ 0.01), respectively and a significant reduction in total level (intracellular + extracellular) of IL-1α was observed at 12 hours (P ≤ 0.01). Intracellular levels of IL-1β (pro IL-1β form) were significantly impacted at 12 and 24 hours (P ≤ 0.01) ([Fig 2](#pone.0188232.g002){ref-type="fig"}) while the extracellular levels of IL-1β were significantly impacted at 24 hours ((P ≤ 0.01). Total level of IL-1β was significantly reduced at 12 and 24 hours (P ≤ 0.01). Pre-treatment with EO significantly reduced the LPS-induction of NO at 12 and 24 hour time-points (P ≤ 0.01 ([Fig 2](#pone.0188232.g002){ref-type="fig"}).

![Modulation of LPS-induced pro-inflammatory response in alveolar macrophage cells by pre-treatment with eucalyptus oil (EO).\
MH-S cells (1x10^6^ cells/ml culture/well) were treated with (i) Vehicle (0.1% MeOH), (ii) EO only (0.02% vol/vol), (iii) LPS only (2 μg/ml), and (iv) LPS (2 μg/ml) +EO (0.02%); EO was added 3hours before LPS addition ("pre--treatment"). NO and cytokines were periodically measured in the culture supernatant through 24 hour time-point. Values are presented as mean ± SEM based on three independent treatments. Asterisks (\* and \*\*) indicate statistically significant (*P* ≤ 0.05 and *P* ≤ 0.01, respectively) difference when compared to the positive control (LPS only).](pone.0188232.g002){#pone.0188232.g002}

![Modulation of LPS-induced pro-inflammatory response in alveolar macrophage cells by pre-treatment with 1,8-cineole (Cin).\
MH-S cells (1x10^6^ cells/ml culture/well) were treated with i) vehicle (0.1% MeOH), (ii) Cin only (0.02% vol/vol), (iii) LPS only (2 μg/ml), (iv) LPS (2 μg/ml) +Cin (0.02%); Cin was added 3hours before LPS addition ("pre-treatment"). NO and cytokines were periodically measured in the culture supernatant up to 24 hour time-point. Values are presented as mean ± SEM of based on three independent treatments. Asterisks (\*) and (\*\*) indicate statistically significant (*P* ≤ 0.05 and *P* ≤ 0.01, respectively) difference as compared to the positive control (LPS only).](pone.0188232.g003){#pone.0188232.g003}

When compared to EO, 1,8-cineole pre-treatment showed an opposite or divergent effect on certain inflammatory mediators such as a reduction in IL-6 level (6 hours) and no effect on TNF-α and NO ([Fig 3](#pone.0188232.g003){ref-type="fig"}). 1,8-cineole pre-treatment significantly reduced (P ≤ 0.01) intracellular levels of IL-1α at 6 and 24 hour time points and IL-1β at 12 hours. No significant reduction in extracellular levels of IL-1α and IL-1β was observed ([Fig 3](#pone.0188232.g003){ref-type="fig"}). The overall level of IL-1α therefore showed a significant decrease at 6 and 24 hours (P ≤ 0.05) and that of IL-1β at 12 hours (P ≤ 0.01).

Modulation of phagocytosis activity and intracellular pathogen load in a mycobacterial infection model {#sec018}
------------------------------------------------------------------------------------------------------

In the murine AM infection model meant to mimic mycobacterial infections in alveolar macrophages, EO pre-treatment caused significant enhancement in the phagocytosis activity ([Fig 4A](#pone.0188232.g004){ref-type="fig"}) and a considerable increase in bacterial clearance (P ≤0.01) (reduction in intracellular bacterial build-up) of this mycobacterial species ([Fig 4B](#pone.0188232.g004){ref-type="fig"}). For 1,8-cineole, though pre-treatment did not enhance the phagocytic activity significantly as compared to the untreated group ([Fig 4C](#pone.0188232.g004){ref-type="fig"}), there was a significant increase in bacterial clearance in both pre-treatment (P ≤0.05) and post-treatment (P ≤0.01) groups ([Fig 4D](#pone.0188232.g004){ref-type="fig"}). This coincided with a parallel slight increase, albeit non-significant (P \>0.05), in the anti-mycobacterial cytokine TNF-α levels in the EO-pretreated macrophages (data not shown). Post-phagocytosis treatment with EO showed a relatively greater response as compared to the pre-treatment.

![Effect of eucalyptus oil (EO) and 1,8-cineole on phagocytosis of *Mycobacterium smegmatis* and its clearance during infection of alveolar macrophages.\
Panels A and C: Effect of EO and cineole on phagocytosis activity (1h); Panels B and D: Effect of EO and cineole on bacterial clearance (24 h). MH-S cells (1x10\^6 cells/ml culture/well) were treated with EO (0.02% v/v) or cineole either 3h before phagocytosis ("pre-treatment") or right after phagocytosis ("post-treatment") during infection with *M*. *smegmatis*. Bacterial counting (CFU analysis) was performed on macrophage cell lysates at 1hour (phagocytosis) or 24 hours (pathogen load) post-infection challenge. Values are presented as mean ± SEM based on three independent treatments. Asterisks (\*) and (\*\*) indicate statistically significant (*P* ≤ 0.05 and P ≤ 0.01, respectively) difference as compared to the vehicle control.](pone.0188232.g004){#pone.0188232.g004}

Modulation of pro-inflammatory innate immune signaling by EO and 1,8-cineole {#sec019}
----------------------------------------------------------------------------

### Phosphoactivation of MAPKs, NFκB, and NLRP3 {#sec020}

As expected, LPS significantly induced the phosphorylation of MAPKs which are known to activate the downstream signaling cascade including transcription factors and effector molecules (soluble mediators) during LPS-induced inflammatory response. In the EO or 1,8-cineole pre-treated group, there was a significant increase in phosphorylated ERKs (ERK1/2) and a significant reduction in phosphorylated p38. The phosphorylated forms of JNK1/2 were increased by EO and decreased by 1,8-cineole, while phospho-NFκB (P65) was decreased by EO and increased by 1,8-cineole ([Fig 5](#pone.0188232.g005){ref-type="fig"}). In terms of total content, ERK1/2 levels were also significantly increased while total p38 and JNK1/2 kinase levels were reduced in the EO pretreated group. On the other hand, pre-treatment with 1,8-cineole led to an increase in total p38 but no change in total ERK1/2 and JNK1/2 levels when compared with the LPS-only treated group ([Fig 5](#pone.0188232.g005){ref-type="fig"}).

![Modulation of LPS-activation of MAPKs in alveolar macrophages by pre-treatment with eucalyptus oil (EO) or 1,8-cineole (Cin).\
(A-D) EO pre-treatment blots; (E-H) Cin pre-treatment blots for p38, SAPK/ JNK, ERK1/2, and NF-kB. MAPKs, respectively. Activation was assessed in terms of increase in both the total content and the phosphorylated form; NF-kB activation was assessed in terms of increase in its phosphorylated form. Densitometry analysis of Western blots was done using NIH software image J. Lanes1-4 represent vehicle control (VC), EO-only, LPS-only and EO+LPS for EO pre-treatment group or VC, Cin, LPS and Cin +LPS for Cin pre-treatment group, respectively. Details on the treatments and antibodies for total- and phospho- MAPKs and β-Actin are described in Materials and Methods section. Values represent means ± SEM based on three independent treatments. Asterisks (\*) and (\*\*) indicate statistically significant (*P* ≤ 0.05 and *P* ≤ 0.01, respectively) difference as compared to the LPS treatments while the number sign (\#) indicates statistical significance as compared to the vehicle control. See [S1 File](#pone.0188232.s001){ref-type="supplementary-material"} for the original Western blot images.](pone.0188232.g005){#pone.0188232.g005}

LPS induces NLRP3 inflammasome activation which plays a vital role in IL-1 secretion and the inflammatory response. EO and 1,8-cineole pre-treatment significantly (P ≤ 0.01) reduced the LPS- induced NLRP3 activation, a critical step in activation of the inflammasome ([Fig 6](#pone.0188232.g006){ref-type="fig"}).

![Modulation of LPS-activation of NLRP3 inflammasome in alveolar macrophages by pre-treatment with eucalyptus oil (EO) or 1,8-cineole (Cin).\
NLRP3 protein expression was assessed in cell lysates of EO- and Cin- pretreatment groups (3 hours pre-treatment with either EO or Cin at 0.02% concentration followed by induction with 2 μg/ml LPS for 4 hours). Cell lysates were analyzed by Western blotting using anti-NLRP3 antibodies. Densitometry analysis of Western blots was done using NIH software image J. Lanes1-6 represent VC, EO, Cin, LPS, and EO+LPS, Cin +LPS, respectively. Values represent means ± SEM based on three independent treatments. Asterisks (\*) and (\*\*) indicate statistically significant (*P* ≤ 0.05 and *P* ≤ 0.01, respectively) difference as compared to the LPS-only treatment while the number sign (\#) indicates statistically significance as compared to the vehicle control. See [S1 File](#pone.0188232.s001){ref-type="supplementary-material"} for the original Western blot images.](pone.0188232.g006){#pone.0188232.g006}

### Transcriptional regulation of other key innate immune signaling targets {#sec021}

Gene expression of key targets of LPS signaling, including the surface receptors TLR4 (and its binding partners LBP and CD14) and TREM-1, and MAPKs phosphatase MKP-1, was monitored after 30 minutes of LPS treatment based on quantitative RT-PCR ([Fig 7](#pone.0188232.g007){ref-type="fig"}). Expression levels of TLR4, LBP and CD14 in the pretreated samples were not significantly different as compared to the LPS alone. In contrast, MKP-1 and TREM-1 mRNA levels in the EO or 1,8-cineole pre-treatment groups were significantly reduced as compared to the LPS-only group.

![Modulation of mRNA expression of key target genes of LPS-signaling pathway by pre-treatment with eucalyptus oil (EO) and 1,8-cineole.\
**(A-E)** Target genes encoding MKP-1, TREM-1, LBP, TLR4 and CD14, respectively. mRNA expression was analyzed by quantitative RT-PCR using total RNA isolated from different treatment groups, as detailed in [Fig 6](#pone.0188232.g006){ref-type="fig"} legend. The housekeeping gene GAPDH was used as internal control for normalizations and expression difference as fold-change was determined using the formula (2^-ΔΔCt^) method. Values are presented as mean ± SEM based on three independent treatment groups. Asterisks (\*) and (\*\*) indicate statistically significant (*P* ≤ 0.05 and *P* ≤ 0.01, respectively) difference as compared to the LPS-only treatment.](pone.0188232.g007){#pone.0188232.g007}

Discussion {#sec022}
==========

Despite a recognized role of EO in aroma therapy for lung conditions including inflammatory and infection ailments, there is a paucity of meaningful data on the mechanistic mode of action of this product in lung models (*in vitro* and *in vivo*). As EO originating from different sources/vendors may quantitatively vary in biological response because of variable proportions of the constituents, testing of individual constituents could provide vital mechanistic information. In this direction, using an established *in vitro* murine lung alveolar macrophage model, the MH-S cell line \[[@pone.0188232.ref020]\], and both EO and its major constituent 1,8-cineole, we observed inhibition of inflammatory and infection responses; the responses were measured in terms of pro-inflammatory mediators, phagocytosis and infection clearance, and activation of key receptors and transducers of the LPS--induced inflammation signaling pathway.

Attenuation of inflammatory response {#sec023}
------------------------------------

Inflammation is an important innate immune response triggered by external stimuli such as pathogens and pathogen products (e.g. LPS) or physical injury to combat the initial cause of threat and restore homeostasis. However, uncontrolled inflammation is deleterious to the tissues and can lead to various inflammatory conditions and cell/tissue damage \[[@pone.0188232.ref021]\]. While different immune cell types such as neutrophils, macrophages, eosinophils, lymphocytes may be impacted during inflammation \[[@pone.0188232.ref022]--[@pone.0188232.ref023]\], this study focused on macrophages which are known to play a key role in both infections and inflammation. Macrophages activated by inflammatory stimuli such as LPS in bacterial infections secrete pro-inflammatory cytokines such as TNF-α, IL-1, IL-6 and other soluble mediators such as nitric oxide (NO), which play a crucial role in induction and progression of the inflammatory response. Continuous activation of the macrophages may lead to elevated levels of these mediators which can lead to acute or chronic inflammatory conditions such as septic shock-like syndrome resulting in tissue damage and organ failure \[[@pone.0188232.ref021]\]. Hence, evaluation of novel candidates for their anti-inflammatory efficacy using this model inflammatory response paradigm in macrophages may help identify promising alternative or adjunct therapeutics.

In this study, pre-treatment of alveolar macrophages with EO before LPS challenge caused a reduction in pro-inflammatory soluble mediators, including cytokines such as TNF-α, IL-1β, IL-1α and NO ([Fig 2](#pone.0188232.g002){ref-type="fig"}). In comparison, 1,8-cineole also showed an anti-inflammatory effect, albeit for only certain mediators (intracellular IL-1α and IL-1β; IL-6 secretion), and the effects varied with the time-point of incubation ([Fig 3](#pone.0188232.g003){ref-type="fig"}). While this study showed significant attenuating effect at 0.02% level of either EO or 1,8-cineole, the extent may be concentration-dependent and increase at higher concentrations. Interestingly, anti-inflammatory effects of EO were also reported in human MDMs \[[@pone.0188232.ref024]\] and AMs isolated from COPD patients \[[@pone.0188232.ref025]\]. Taken together, we observed significant diminishing of potent pro-inflammatory mediators (cytokines and NO) by EO and 1,8-cineole in exposed lung macrophages, which explains the nature and scientific basis of their anti-inflammatory potential in aroma therapy.

Enhanced pathogen clearance {#sec024}
---------------------------

The past decade has witnessed an unprecedented emergence of drug resistance strains of priority human pathogens such as *Mycobacterium tuberculosis* and *Staphylococcus aureus* (MRSA) \[[@pone.0188232.ref026]--[@pone.0188232.ref027]\]. Available synthetic drugs and antibiotics are proving less efficacious to meet the challenges posed by the drug resistant strains. Identification of naturally-derived compounds could provide alternate agents to combat the resistance problem because of their divergent mode of action. In this context, our results using a mycobacterial infection model are significant in that pre-treatment or post-treatment of macrophages with EO or 1,8-cineole significantly enhanced the intracellular pathogen clearance ([Fig 4B and 4D](#pone.0188232.g004){ref-type="fig"}). Similarly, pre-treatment with EO significantly enhanced the phagocytosis while 1,8-cineole pre-treatment had little though non-significant effect ([Fig 4A and 4C](#pone.0188232.g004){ref-type="fig"}). The EO enhancement of phagocytosis is consistent with that observed in human monocyte-derived macrophages (MDMs) \[[@pone.0188232.ref024]\]. A study on human neutrophils reported a decrease in phagocytosis activity by the Bay laurel (BL) and Cajuput (CA) extracts containing 1,8-cineole as the major component but contribution of other components in these extracts toward this inhibition cannot be ruled out \[[@pone.0188232.ref028]\]. Greater bacterial clearance in EO post-treatment might be because of an additive effect due to prolonged contact and possibly direct antimicrobial action of EO molecules, as demonstrated in our previous in vitro study \[[@pone.0188232.ref012]\]. Collectively, these results imply that EO and its constituents have the potential to be an alternate or adjunct anti-infective agent for combating mycobacterial infections of clinical importance.

Orchestration of pro-inflammatory signaling pathways via transcriptional and post-translational modifications {#sec025}
-------------------------------------------------------------------------------------------------------------

In response to inflammation and infection stimuli, macrophages express different pattern recognition receptors (PRRs), including surface receptors such as toll-like receptors (TLRs), and trigger receptors expressed on myeloid cells 1 (TREM-1) and cytosolic receptors such as Nod-like receptors (NLRs), which may work in concert to activate common downstream innate signaling cascades comprised of MAP kinases and transcription factors \[[@pone.0188232.ref029]\]. Activation of MAP kinases (MAPKs) eventually leads to activation of the transcription factors NF-κB and AP-1\[[@pone.0188232.ref030]--[@pone.0188232.ref031]\] resulting in the expression of pro-inflammatory genes encoding various cytokines such as TNF-α, IL-1α, IL-6 and enzymes catalyzing the generation of reactive oxygen species or reactive nitrogen species (e.g. NO) in the activated macrophages in response to external stimuli.

We investigated the effect of EO and 1,8-cineole on surface PRRs of the LPS-induced inflammation signaling pathway. Transcriptional (mRNA expression) analysis of TLR4 receptor and its partners (LBP and CD14) in the LPS-induced TLR4 receptor signaling pathway did not show any effect of pre-treatment either with EO or 1,8-cineole, suggesting that immune-modulation by these natural products during LPS-induced inflammation might be restricted to targets downstream of the TLR4 receptor signaling complex. Another surface receptor, TREM-1, has been known to be upregulated in septic shock-like conditions involving LPS and is highly expressed in monocytes in bacteria-infected human tissues \[[@pone.0188232.ref032]--[@pone.0188232.ref033]\]. TREM-1 expression has been shown to amplify the TLR-mediated inflammation pathway \[[@pone.0188232.ref032]--[@pone.0188232.ref033]\]. In our study, EO pre-treatment significantly decreased LPS-induced mRNA expression of TREM-1 ([Fig 7](#pone.0188232.g007){ref-type="fig"}). 1,8-cineole pre-treatment also reduced the expression, but the difference was not statistically significant. The observed reduction in TREM-1 expression by EO is a significant finding as it opens up novel avenues for expanded studies on attenuation of inflammation by EO and its components, especially in inflammatory health conditions, where the role of the TREM-1 pathway is critical.

Activation of Nod-like receptors (NLRs), the cytosolic pattern recognition receptors (PRRs), in macrophages is critical for the innate immune response to inflammation- and infection- stimuli. Unlike TLRs, which recognize pathogen associated molecular patterns (PAMPs) on the surfaces, NLRs are activated inside the cell and form a part of the inflammasome \[[@pone.0188232.ref034]\]. Inflammasomes are formed by the multiprotein complexes with different NLRs such as NLRP1b, NLRP3 and NLRC4. Active inflammasomes can lead to the caspase 1-mediated activation of the highly inflammatory cytokines IL-1β and IL18 \[[@pone.0188232.ref035]--[@pone.0188232.ref036]\]. Therefore, regulation of this potent inflammatory signaling complex is critical in inflammatory conditions. Pre-treatment either with EO or its component 1,8-cineole significantly attenuated IL-1β levels, which coincided with downregulation of the NLRP3 receptor of the inflammasome complex ([Fig 6](#pone.0188232.g006){ref-type="fig"}). This observation further emphasizes the potent anti-inflammatory activity of EO and its component as an alternate therapy for various inflammatory diseases involving the inflammasome. Further studies in this direction could elucidate information regarding the modulation of other components of the inflammasome.

In pro-inflammatory signaling pathways, MAPKs (p38, JNK1/2, ERK1/2) and NF-κB are activated by phosphorylation at threonine or tyrosine residues of the inactive forms (non-phosphorylated), conveying the signal from the cell membranes to the nucleus and thus controlling the expression of different inflammatory mediators \[[@pone.0188232.ref021]\]. Further, the MAPKs can in turn phosphorylate other protein kinases known as MAPK-activated protein kinases (MAPKAPK) \[[@pone.0188232.ref021]\]. Alternately, MAPKs may be dephosphorylated by MAP kinase phosphatase MKP-1\[[@pone.0188232.ref037]--[@pone.0188232.ref038]\] to maintain immune homeostasis. When pretreated with EO, the LPS-induced phosphorylation of key signal transducers NFκB and p38 was decreased while that of the other MAPKs (ERK1/2 and JNK1/2) was increased ([Fig 5](#pone.0188232.g005){ref-type="fig"}). Increase in ERK1/2 phosphorylation also points to the anti-inflammatory effect of EO/Cineole, as demonstrated for a plant derived flavonoid wogonin \[[@pone.0188232.ref039]\]. The attenuation in phosphorylation of NF-κB and p38 was in agreement with the decrease in key inflammatory mediators, including cytokines (TNF-α, IL-1α and IL-1β) and NO. Although 1,8-cineole treatment did attenuate the phosphorylation of p38 (and JNK1/2) and increased ERK1/2 phosphorylation ([Fig 5](#pone.0188232.g005){ref-type="fig"}), it did not show as much of an attenuating effect as EO on the production of inflammatory mediators. One reason for this divergence may be that 1,8-cineole increased phospho-NFκB unlike EO and this might have reversed in part the attenuating effect of MAPK modulation. Taken together, EO and 1,8-cineole might be acting at different targets to differentially modulate the phosphoactivation of MAPKs and NFκB, thereby divergently controlling the LPS-mediated inflammatory responses.

NO production is caused by overexpression of inducible nitric oxide synthase (iNOS) \[[@pone.0188232.ref040]\] which is particularly induced via the NF-κB pathway \[[@pone.0188232.ref041]\] either directly or by inflammatory cytokines. For instance, inhibition of TNF-α converting enzyme (TACE) by gene silencing reduced the local inflammation in a rabbit animal model via reduced iNOS expression \[[@pone.0188232.ref042]\]; use of iNOS inhibitor reduced pulmonary inflammation in mouse models \[[@pone.0188232.ref043]\]. In this context, it is therefore significant that EO pre-treatment caused a reduction in LPS-induced NO production in our model, which coincided with a decrease in the activated form of NF-κB (Figs [2](#pone.0188232.g002){ref-type="fig"} and [3](#pone.0188232.g003){ref-type="fig"}). In contrast, 1,8-cineole pre-treatment did not reduce either the NO levels or the phosphorylated form of NF-κB (which was elevated instead), thus suggesting a divergent mode of regulation by 1,8-cineole.

To combat the deleterious effect of stimulation of the PRRs and MAPKs, the phosphatase MKP-1 is induced during LPS signaling as a key negative regulator of MAPKs phosphorylation. MKP-1 generally dephosphorylates MAPKs, thus attenuating the pro-inflammatory cytokine response \[[@pone.0188232.ref044]\] by negatively regulating the MAPK activities \[[@pone.0188232.ref045]\]. On the other hand, absence of this protein such as in DUSP1-deficient (DUSP1-/-) mice, has been shown to increase the activation of p38 and cytokine production in bone marrow-derived macrophages. Further, DUSP1-/- mice showed increased lethality and overproduction of TNF-α and IL-6 upon LPS challenge \[[@pone.0188232.ref046]\]. While the activity of MKP-1 protein is known to be post-translationally regulated (phosphorylation and acetylation) to help interact with MAPKs \[[@pone.0188232.ref044]\], initial level of induction of the MKP-1 by LPS may be critical. Pretreatment with EO or 1,8-cineole reduced the MKP-1 mRNA levels ([Fig 7](#pone.0188232.g007){ref-type="fig"}), suggesting a transcriptional downregulation of MKP-1; this in turn might have led to elevated levels of phosphorylated ERK1/2, thereby favoring a diminished inflammatory response.

Conclusions {#sec026}
===========

Taken together, this study demonstrates the nature and mechanistic basis of the potent anti-inflammatory and anti-infective properties of EO and its constituent 1,8-cineole in lung inflammation- and infection- models based on alveolar macrophages. Future studies on human macrophages and other immune cells may yield more comprehensive information on these properties. In terms of in vivo anti-infective activity, EO stimulated phagocytosis and pathogen clearance of mycobacteria in lung macrophages. Similarly, 1,8-cineole was also effective in mycobacteria clearance in infected AMs. For anti-inflammatory activity, while EO seemed more versatile than its constituent 1,8-cineole, both significantly attenuated IL-1 cytokines. These immunomodulatory effects coincided with alterations in both upstream and downstream signaling arms of the LPS-induced inflammatory signaling pathway ([Fig 8](#pone.0188232.g008){ref-type="fig"}). Particularly, the attenuation of the IL-1 response by both EO and 1,8-cineole coincided with their common ability to diminish activation of the NLRP3 inflammasome. Downregulation of surface pattern recognition receptor TREM-1 by EO was in alignment with modulation of the downstream activation of the signaling cascade (MAPKs and NF-κB) and diminishing of the overall proinflammatory response to LPS. Furthermore, the MAP kinase phosphatase MKP-1, a key negative regulator of MAPKs, was also altered by EO and 1,8-cineole. Collectively, the identified key upstream receptor targets and specific downstream signaling events impacted by EO and its constituent 1,8-cineole could provide novel avenues for future development of EO-derived alternative or adjunct therapeutic leads against inflammatory or infection conditions of clinical importance.

![Schematic representation of immune-modulatory mode of action of eucalyptus oil and its constituent 1, 8-cineole on different targets of LPS/infection-induced pathways in alveolar macrophage.\
*Abbreviations*: EO, Eucalyptus oil; Cin, 1,8-Cineole; LPS, Lipopolysaccharide; TLR, Toll-like receptor; LBP, LPS-binding protein; CD14, Cluster of differentiation 14; TREM-1, Triggering receptor expressed on myeloid cells 1; IRAKs, IL-1 Receptor-Associated Kinases; TRAF6, TNF receptor-associated factor 6; MAPKs, Mitogen-activated protein kinases; ERK, Extracellular signal--regulated kinases; JNK: c-Jun N-terminal kinases; MKP-1, MAP kinase phosphatase-1; NF-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, Nod-like receptor family pyrin domain containing 3; NO, Nitric oxide: TF, Transcription factor.](pone.0188232.g008){#pone.0188232.g008}
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###### Western blot images for Figs [5](#pone.0188232.g005){ref-type="fig"} and [6](#pone.0188232.g006){ref-type="fig"}.

For [Fig 5](#pone.0188232.g005){ref-type="fig"}: (A-D) EO pre-treatment blots; (E-H) Cin pre-treatment blots for p38, SAPK/ JNK, ERK1/2, and NF-kB. MAPKs, respectively. Lane M represent protein molecular weight ladder, lanes1-4 represent vehicle control (VC), EO-only, LPS-only and EO+LPS for EO pre-treatment group and VC, Cin, LPS and Cin +LPS for Cin pre-treatment group, respectively. For [Fig 6](#pone.0188232.g006){ref-type="fig"}: Lane M represent protein molecular weight ladder, lanes1-6 represent VC, EO, Cin, LPS, and EO+LPS, Cin +LPS, respectively.
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